Measurements of instability and transition were obtained in the wake of a cylindrical roughness within the laminar nozzle-wall boundary layer of the Purdue Mach-6 Quiet Tunnel. Using wall-mounted pressure transducers along the wake centerline, the root-meansquare pressure and power spectra were computed to find evidence of instabilities within the roughness wake. The roughness height was adjusted to explore the case of incipient transition on the nozzle wall. It appeared that small variations in the experimental parameters could have a large effect on transition for the near-critical case. Several dominant disturbance frequencies were identified for a range of conditions. These disturbances appear to be due to instabilities developing within the wake of the roughness. The streamwise evolution of these disturbances are reported, as well as the spanwise distribution at one streamwise location within the wake. These results can be used as a test case to continue to develop methods for computing the stability of roughness wakes.
I. Introduction

A. Roughness-Induced Transition at Hypersonic Speeds
Boundary-layer transition is caused by disturbances that originate within the freestream or on the body, enter the boundary layer via receptivity mechanisms, grow through various instability modes, and cause turbulence. 1 Roughness on the surface of a reentry vehicle is among the many factors that can affect transition. Surface roughness can lead to boundary-layer transition at flight conditions where it is normally not present, 2 leading to increased heating that could exceed the design limits of a vehicle's thermal protection system. A roughness that does not alter transition is said to be subcritical. A critical roughness is a roughness of sufficient magnitude to induce transition upstream of the smooth-wall location. A roughness is said to be effective when transition moves as close to the roughness as is feasible.
For the case of a smooth wall, significant advances have been made in understanding the instability modes that cause transition. A greater understanding of these instabilities has led to the development of prediction methods that are based on the physics of transition. The e N method [3] [4] [5] is an example of such a method and is used to predict smooth-wall transition. The e N method has been extended to the hypersonic regime using the parabolized stability equations and used successfully to correlate transition.
6 Similar semi-empirical prediction methods are desired for roughness, but have yet to be developed.
Roughness-induced transition is currently estimated, out of necessity, using simple algebraic correlations based on empirical observations of transition. Wind tunnels, shock tunnels, and ballistic ranges are used to measure transition on subscale models that incorporate relevant forms of roughness. The measured transition location is then correlated to parameters such as Re k , the Reynolds number based on the roughness height k, and conditions in the undisturbed laminar boundary layer at the height k. Ideally, these test facilities should duplicate flight conditions such as Mach number, Reynolds number, enthalpy, surface temperature, ablation, freestream disturbance levels, and so on. However, for hypersonic flows it is not possible to design an experiment that includes all of these parametric effects, because no single test facility can simulate all aspects of hypersonic flight. Since these engineering correlations often use a data set that pertains to only a portion of the flight-relevant parameters, and the correlations include very little of the actual physics of the transition process, they can be subject to considerable uncertainty when used to predict transition in flight.
The mechanisms by which roughness affects transition are, at present, poorly understood. An isolated roughness element within a high-speed laminar boundary layer generates a wake region in which shock waves, separated flow, vortical structures, and unstable shear layers are often present. 7 The disturbed wake region can introduce an entirely new class of instability mechanisms that are not present in the smooth-wall boundary layer. [8] [9] [10] The degree to which the roughness element modifies the mean boundary-layer flow, and likely the corresponding dominant instability mechanism, depends on factors including the roughness height and shape, as well as the properties of the flow. However, there are very few quantitative measurements of these instabilities within the historical literature.
Thanks in large part to advancements in computational methods, researchers are recently beginning to characterize the mechanisms responsible for transition due to roughness at hypersonic speeds. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] However, even direct numerical simulation must construct an appropriate grid and make assumptions regarding the input disturbance field when simulating these flows. In order to ensure that these computational methods are accurately simulating the physics of transition, controlled experimental measurements should be used to detect the real flow physics, select ideal test cases to be simulated, and confirm the findings of the computations. The end goal remains to develop effective prediction methods for roughness-induced transition that are feasible for use by the designers of flight vehicles.
B. Measuring Roughness-Induced Disturbances in the Boeing/AFOSR Mach-6 Quiet Tunnel
An isolated cylindrical roughness was used to introduce disturbances within the laminar nozzle-wall boundary layer of the Boeing/AFOSR Mach-6 Quiet Tunnel at Purdue University. Measurements were performed using flush-mounted fast pressure sensors within the roughness wake, to identify disturbances due to possible instability mechanisms. These measurements are the first such measurements at hypersonic speeds, and are meant to complement similar work at supersonic speeds 25, 26 and low speeds. 27, 28 Previous work by the authors 29, 30 identified an instability due to a relatively large roughness that appeared to originate within the separation region upstream of the roughness, with the aid of direct numerical simulations by Bartkowicz et al. 15, 22, 31 at the University of Minnesota. Those results were for values of Re k near 70,000. A roughness of this magnitude is likely of interest to vehicle designers wishing to design effective trips that cause a boundary layer to transition. The present results pertain to transition due to smaller, near-critical roughness, with values of Re k orders of magnitude lower than the previous results. These smaller roughness heights are of interest to vehicle designers who wish to predict the acceptable magnitude of roughness that will not cause transition in flight. These results should be part of a larger effort of measurements and computations that could be used in the development of physics-based transition prediction methods for isolated roughness elements in hypersonic flow.
II. Experimental Methods
A. Boeing/AFOSR Mach-6 Quiet Tunnel
The Boeing/AFOSR Mach-6 Quiet Tunnel (bam6qt) at Purdue University is a low-noise hypersonic facility used mainly for transition research. 32, 33 The bam6qt uses a Ludwieg tube design ( Figure 1 ). During operation, the tunnel is filled with high-pressure air while the region downstream of the diffuser is evacuated. Diaphragms are then broken to initiate the flow. An expansion wave then travels upstream into the driver tube. During the typical run time of several seconds, the pressure in the driver tube decreases quasi-statically and the freestream Reynolds number decreases. The Reynolds number is constant for 0.2-s increments as the expansion wave reflects within the driver tube. A laminar boundary layer on the nozzle wall of the bam6qt enables low-noise operation, and also made it possible to measure instabilities induced by a roughness element. Several design features permit the tunnel to be operated with a laminar boundary layer on the nozzle wall. 33 At the conditions in these experiments, this laminar nozzle-wall boundary layer is on the order of 8 mm thick, an order of magnitude thicker than typical hypersonic boundary layers on a wind-tunnel model. In this work, a cylindrical roughness was placed on the nozzle wall within a laminar boundary layer and used to introduce disturbances. The unusually thick boundary layer was advantageous to increase the spatial resolution of the measurements, reduce the effects of probe interference, and reduce the instability frequencies, so that a larger range of instrumentation could be used to detect these frequencies. The end of the nozzle serves as the test section of the bam6qt. Contoured inserts are used in these experiments for optical access, placement of instrumentation, and placement of the roughness element.
B. Cylindrical Roughness Element
A 5.97-mm-diameter Starrett model 263L-38TN micrometer head was used as a convenient cylindrical roughness element in these experiments (Figure 2) . A cylindrical roughness element was initially chosen because of its elementary shape, easily adjustable height, and the wide availability of cylindrical-shaped micrometers. Between runs, the height k of the micrometer can be adjusted from 0.00-24.31 mm with a precision of ±0.05 mm. The roughness element was located in the nozzle of the Boeing/AFOSR Mach-6 Quiet Tunnel at an axial location of 1.924 m from the throat. A coordinate system is used here with an origin at the center of the roughness at the wall. The coordinate x is the axial (streamwise) distance downstream of the roughness. Note that x is not the arc length along the nozzle surface. The coordinate z is the spanwise arc length from the roughness centerline along the curved nozzle interior. The coordinates were nondimensionalized by the roughness diameter, D. 
C. Kulite XCQ-062-15A Pressure Transducers
Kulite XCQ-062-15A pressure transducers were mounted flush to the nozzle wall along the centerline of the roughness wake. The Kulite XCQ-062-15A consists of a strain gauge on a 1.68-mm-diameter silicon diaphragm. The sensor has a range of 0-15 psia and a resonance frequency typically between 200-300 kHz. A mechanical stop at pressures greater than 15 psia protects the sensor from damage as the tunnel is filled to the desired stagnation pressure prior to a run. The manufacturer's "A-screen" was used for these sensors, as opposed to the more protective "B-screen". The A-screen has a large central cavity that offers limited protection of the sensor diaphragm, but with an improved dynamic response that is flat to 30-40% of the resonance frequency.
The A-screen sensors have a cavity exposing the sensor to the flow. This cavity has a depth of 1.02 mm, which is approximately 13% of the boundary-layer thickness at a stagnation pressure of 90 psia. The cavity was assumed to have minimal interference with the flow. The diameter of the cavity is also 1.02 mm. A matlab code was written to verify that the transducer was sufficiently small to eliminate attenuation for the frequencies measured in this work. The sensor face was modeled as a circle using 400 grid points. Because the spatial distribution of the disturbances in the roughness wake were unknown, the disturbances were modeled as two-dimensional traveling sine waves with a convection velocity equal to the freestream velocity. For one wave cycle, the root-mean-square amplitude of the disturbance was calculated from an average value across the sensor face, and compared to the theoretical root-mean-square amplitude of a sine wave. The results showed minimal attenuation for the frequencies measured in this paper. For disturbances at 120 kHz, attenuation was merely two percent. An attenuation of 3 dB occurred at a frequency of 750 kHz, well above the measurement range of the sensor.
D. Apparatus for Pressure-Sensor Measurements
The sensors were mounted with either Loctite 222MS (or 2440) thread-locking adhesive, or cosmetic nail polish. Custom electronics were used to provide a 10-V excitation signal for the transducer, and to process the voltage output of the transducer. The transducer output was amplified with a gain of 100 using a INA103 amplifier chip to give a DC voltage output. This DC voltage varies linearly with pressure. Static calibrations of each sensor were performed in-situ, using the vacuum that normally occurs after a run. A new calibration was taken during each tunnel entry. A Paroscientific Model 740 Standard quartz pressure transducer was used for the calibrations, with a full-scale reading of 30 psia and an accuracy of better than 0.008% of full scale. Figure 3 shows photographs of the apparatus, taken from the end of the nozzle. A view looking upstream from the end of the nozzle is shown in Figure 3(a) . The roughness and pressure sensors were placed on the upper wall of the nozzle. Pressure sensors were placed within the slot normally used for probe insertion. The left hand side of the image shows the nozzle wall hot-film array. The signals from two wall hot films were monitored during each run to ensure that the nozzle-wall boundary layer remained laminar and attached.
Because the hot-film array was offset 90
• azimuthally from the roughness, the wake of the roughness was not expected to interfere with the boundary layer there. The right hand side of the image shows the large plexiglass window. In Figure 3 (a), the roughness was placed off the centerplane of the nozzle. However, for these experiments the roughness was located on the centerplane of the nozzle, such that the pressure sensors were measuring along the centerline of the roughness wake.
A cylindrical insert was placed downstream of the nozzle exit, and used to continue the nozzle flow into the diffuser section. This "multi-ring pipe insert" contained a series of interchangeable rings in which additional pressure sensors were placed (Figure 3 
E. Data Acquisition and Processing
Data were sampled at 500 kHz in Hi-Res mode on Tektronix oscilloscopes. Hi-Res mode is a method of digital filtering in which the scope acquires data at its maximum sampling frequency of 500 MHz. The data are then averaged in real time to produce the desired sampling frequency. For example, when a sampling frequency of 500 kHz is desired the scope computes a real-time average over 1,000-point intervals to record an averaged result at 500 kHz. This mode effectively acts as a low-pass filter to eliminate signal aliasing, with 3 dB of attenuation at 0.44 times the sampling frequency. When using Hi-Res mode, the analog electronics in the oscilloscope are supposed to be sufficiently linear to increase the effective bits of resolution from 8 to approximately 12.
For post-processing, the data were separated into 0.05-s samples. Pressure measurements on the wall were nondimensionalized by the static pressure (p ∞ ). Power spectral densities were calculated from the samples using Blackman windows with 50% overlap. The window size was 1/40th of the 0.05-s sample for a total of 625 points, resulting in a total of 80 windows. The frequency resolution of the spectra using these methods was 0.5 kHz. In the spectra plots, only every fourth point is plotted for clarity. The rms of frequency bands of interest was calculated by numerically integrating the area under the power spectrum. The integration resulted in the power of the frequency band in Pa 2 or (N/m 2 ) 2 . The square root of that number gave the rms of the frequency band. The rms was calculated over the frequency range of 0-100 kHz to avoid the effect of sensor resonance at higher frequencies. When time traces were plotted, the data were digitally low-pass filtered at 150 kHz using an 8-pole Butterworth filter to remove any effects of sensor resonance. All data appearing in the spectra were unfiltered.
F. Calculation of Reynolds Numbers
The initial and instantaneous stagnation pressures were used to compute the freestream Reynolds number and the instantaneous stagnation temperature. The initial stagnation temperature was assumed to be 433 K, as this is the set point for the driver tube heaters. While the initial stagnation temperature likely has small variations between runs, there is no method to measure an accurate temperature across the entire driver tube. During the run, the stagnation temperature decreases along with the stagnation pressure. Because there is presently no method to measure the instantaneous stagnation temperature, it was estimated using the isentropic relation
where p 0 and T 0 are the instantaneous stagnation pressure and temperature, and p 0,i and T 0,i are the initial values at the start of the run. The perfect gas law was used to calculate the freestream density (ρ ∞ ) and Sutherland's law was used for the dynamic viscosity (µ ∞ ). An alternative method for estimating the stagnation temperature is presented in Estorf et al.
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The roughness Reynolds number (Re k , or ρ k u k k/µ k ) was calculated using results from the Harris
36
finite-difference boundary-layer code. The best estimate for the equilibrium temperature distribution on the interior of the nozzle was obtained from Skoch 37, 38 using a finite element heat transfer simulation (see Section III). The simulation predicted the temperature for the initial 0.88 m of the nozzle, and the remainder of the nozzle was assumed to be 298 K.
III. Characterization of the Smooth-Wall Boundary Layer
A. Calculation of Boundary-Layer Profiles using the Harris Code
In order to calculate flow properties such as the roughness Reynolds number (Re k ) or the boundary-layer thickness (δ), a simulation of the incoming laminar boundary layer was performed. The Sivells 39 method of characteristics code and the Harris 36 finite difference boundary layer code were used to compute the laminar nozzle-wall boundary layer. However, the Harris code requires a temperature distribution along the interior of the nozzle in order to compute the boundary layer. An accurate nozzle temperature distribution was also desired for any computations of the roughness wake performed by others.
B. Measurements of the Nozzle-Wall Temperatures
There are presently no means to obtain experimental measurements of the entire temperature distribution along the interior surface of the nozzle. Permanent installation of thermocouples on the interior surface of the nozzle would disturb the laminar boundary layer necessary to obtain quiet flow. Even temporary installation of thermocouples could cause damage to the smooth interior surface of the nozzle. An assumed temperature distribution must be generated using a combination of thermocouple measurements of the temperature on the exterior of the nozzle as well as finite-element heat transfer analyses using estimates for the temperature boundary conditions. Thirty-six type J thermocouples were installed on the exterior of the nozzle by Steen 40 in 2010. The thermocouples were attached with thermal paste and held in place using band clamps. No insulation was present over the thermocouples. The thermocouples were mounted at 90
• azimuthal increments along the exterior of the nozzle within a range of axial locations of 0.17-1.71 m from the throat. The majority of the thermocouples were installed along the north side of the nozzle, with additional thermocouples on the south side as well as the top and bottom walls. Thermocouple measurements along the exterior of the nozzle were obtained in order to compare to estimations of the temperature distribution of the nozzle.
The nozzle temperature has been observed to increase during a typical day of testing. 40 This heating likely occurs as high-temperature air from the driver tube is blown into the vacuum tank after the hypersonic portion of the run has ended. Thermocouple measurements of the temperature of the nozzle were recorded to determine the magnitude of the temperature increase. Harris code calculations were then performed using different temperature profiles to determine the effect of temperature on the boundary-layer properties at the location of the roughness.
C. Effect of Temperature on Computed Boundary-Layer Properties
The best estimate for the equilibrium temperature distribution on the interior of the nozzle was obtained by Skoch 37, 38 using a Finite Element Heat Transfer (feht) simulation for heat transfer in the nozzle. In the simulation, Skoch modeled the initial 0.88 m of the nozzle. Several boundary conditions were tested, but the results discussed here used a 433 K and 298 K isothermal boundary condition on the upstream and downstream edges of the simulation, respectively. The interior surface of the nozzle was set to adiabatic, since the simulation was for equilibrium conditions. The exterior surface of the nozzle was modeled using convective heat transfer. Note that the simulation assumed axisymmetric heat transfer, however as shown earlier, the top wall of the nozzle is often warmer than the other walls. The temperature distribution for the interior of the nozzle, from the feht, was one of the temperature distributions used in the Harris code to estimate the nozzle-wall boundary layer properties. The Skoch feht analysis only modeled the initial 0.88 m of the nozzle, because regions downstream of this location were at room temperature. Thus, in the Harris code, the portion of the nozzle downstream of 0.88 m was set to a constant temperature of 298 K. This temperature distribution will be referred to as the "feht 298 K" profile to denote the temperature assumption for the downstream portion of the nozzle.
Several temperature distributions were used to compute the effect of increased nozzle temperatures on the boundary layer properties at the roughness location ( Figure 4 ). Calculations were performed using three different nozzle-wall temperature distributions: the Skoch feht 298 K distribution, the feht analysis scaled to 308 K instead of 298 K, and an isothermal 300 K profile similar to that used in the Minnesota computations. 15, 22 The solid blue line shows the Skoch feht 298 K results for the interior of the nozzle. The feht 298 K results for the exterior of the nozzle are shown as the dashed green line. To simulate the effects of an increase in nozzle temperature, the feht results for the interior of the nozzle were scaled using a linearly increasing factor to create a 308 K boundary condition at the downstream end of the nozzle. The scaled distribution is the dashed red line in the figure, and additional Harris code results were generated using this temperature assumption. The isothermal 300 K assumption is shown as the dashed black line. Note that the isothermal assumption is likely to underpredict the temperatures for the initial 0.5 m of the nozzle. Also shown in Figure 4 are the maximum and minimum temperatures from a single tunnel entry of 55 runs. Note again that these measured temperatures are from thermocouples on the exterior of the nozzle, while the computed temperature distributions are from the interior of the nozzle. However, the feht 298 K prediction for the exterior nozzle temperatures is similar to the predictions for the interior nozzle temperatures. The measurements show that the feht 298 K and 308 K profiles are decent approximations for the nozzle temperature extremes seen during normal operation of the tunnel.
The nozzle temperature assumption thus has an effect on the estimation of the roughness Reynolds number, Re k . A hotter wall temperature will decrease Re k . In this case, Re k is defined as ρ k u k k/µ k , where the subscript k denotes the conditions in the undisturbed laminar boundary layer at the roughness height k. Other definitions may use the values of these properties at the wall or at the boundary-layer edge. Figure 5(a) shows the value of Re k versus roughness height. The same data are also presented in Figure 5 (b) with a log scale for the vertical axis. There is a large variation of Re k with roughness height due to several factors. As the roughness height is increased, the local mass flux also increases while the dynamic viscosity decreases by nearly an order of magnitude.
All values of Re k reported in this work use the feht 298 K results, as this is the best estimate for the nominal distribution of the temperature on the interior of the nozzle. Figure 5 (c) shows the percent difference in the calculated values of Re k if either the feht 308 K or the isothermal 300 K temperature distributions were used. Again, the feht 308 K distribution is an estimate for the maximum observed nozzle temperature extreme. The isothermal 300 K profile is a simplification that could be made in simulations of this work, if it would be nontrivial to include a complex temperature distribution in the simulations. The percent difference is not computed at k = 0 mm, since Re k is zero at the wall, and there is a singularity in the computed percent difference at the wall. The percent difference is calculated at heights of 0.001 mm and greater. However, there is potential for numerical rounding errors near the wall due to small values of Re k .
In general, the feht 308 K assumption decreases Re k by approximately 7% for the smaller roughness heights of 0-4 mm (for example, the results shown in this paper). The largest changes in Re k occur for roughness heights of 4-9 mm, where Re k decreases by 10-13%. Above k = 9 mm, the calculated value of Re k does not change because these heights are outside of the boundary layer, in the freestream flow. The isothermal 300 K assumption increases the computed values of Re k for roughness heights of 4-9 mm.
IV. Effect of Roughness Height on Incipient Transition on the Nozzle Wall
A. Nominal Test Conditions
Experiments were performed at a nominally similar Reynolds number to identify the roughness height at which incipient transition occurred at the downstream end of the experimental apparatus (up to x/D = 152.0). Several roughness heights were tested at the nominal condition appearing in Table 1 . The runs were performed at a nominal initial stagnation pressure (p 0,i ) of 95 psia. The initial stagnation pressure was always within one percent of this nominal value. Data were analyzed at a time (t) of 1.00-1.05 s after the diaphragms were burst, resulting in a nominal stagnation pressure of 89 psia. Note that additional results from t = 1.50-1.55 s and t = 2.00-2.05 s will be shown later. The estimated first-and second-mode frequencies at the condition in Table 1 are 11.3 kHz and 56.6 kHz, respectively. These frequencies were estimated from the Harris code results, using u e /2δ for the second-mode instability and u e /10δ for the first-mode instability.
B. Effect of Roughness Height on RMS Pressure
The rms pressures from several sensors on the roughness wake centerline and downstream of the roughness are plotted in Figure 6 . The rms pressure was calculated by numerically integrating the power spectrum from 0 to 100 kHz as discussed in Section II, and is nondimensionalized by the static pressure (p ∞ ). Each sensor location is denoted by a symbol and the horizontal axis is the streamwise coordinate x/D. Typical smooth-wall laminar and turbulent levels are also plotted. The boundary layer on the nozzle wall remains laminar for roughness heights of 2.54 mm and below, as indicated by rms pressures near the smooth-wall laminar levels. However, for a roughness height only slightly larger (2.79 mm), evidence of transition is seen at the downstream end of the measurement range. The rms begins to depart from smooth-wall laminar levels near x/D = 120 and increases sharply downstream, increasing to a level of over twice the smooth-wall turbulent value. For roughness heights of 3.05, 3.30, and 3.57 mm, there is a peak in the rms. The rms overshoots the smooth-wall turbulent value and then decreases farther downstream. This overshoot is typical, as maximum rms pressures are often observed within transitional flow. 41 The peak in the rms moves forward with increasing k as expected. This trend indicates that transition occurs, as the rms eventually recovers to values near those of a turbulent boundary layer. For the largest group of roughness heights (4.06, 4.57, and 5.08 mm), the rms values appear fairly similar. As the height of the roughness increases, the spanwise extent of the wake is expected to increase. It is possible that the wake will eventually widen to the extent that most of the disturbances leading to transition occur somewhere off the wake centerline. The centerline rms values for heights of 4.06, 4.57, and 5.08 mm are lower than for heights of 3.05, 3.30, and 3.57 mm, possibly due to variations in the spanwise extent of the wake.
It would appear that a roughness height of 2.79 mm is the height at which incipient transition occurs at the downstream end of the apparatus, for this experimental condition and configuration. Thus, roughness heights near 2.79 mm are referred to here as "near critical". A roughness height of 2.79 mm corresponds to Re k = 355, which is assumed to be the approximate value of Re k,crit for this case. In this case, a truly "critical" roughness cannot be defined, as the natural smooth-wall transition location was not observed within the measurement range of the apparatus. This paper makes the assumption that the observed value of near-critical roughness is approximately equal to the actual value of critical roughness, Re k,crit .
As a result of a lack of historical data for isolated roughness at Mach 6, it is difficult to place the present observed value of Re k,crit = 355 into historical context. A good summary of low-speed observations of Re k,crit appears in Smith and Clutter, 42 who estimated that roughness at low speeds with Re k ≤ 25 would not cause transition. However, historical observations of Re k,crit at supersonic and hypersonic speeds are limited. It is difficult to perform an experiment to measure critical roughness, since a baseline smooth-wall transition location must first be established and incremental roughness heights must be tested to observe the deviation of transition from the smooth-wall case. Historical observations of Re k,crit in the literature vary greatly due to inconsistencies in the author's definition of critical roughness, the author's definition of Re k , and a lack of data with a consistent set of experimental conditions. These conditions include roughness shape, freestream Mach number, and wind tunnel test geometry, all of which could affect Re k,crit . For example, Van Driest et al. 43, 44 calculate Re k using the boundary-layer edge conditions instead of the local conditions. Smith and Clutter 42 show observations of critical roughness at supersonic speeds, but for two-dimensional roughness, using conditions behind a normal shock to calculate Re k . Holloway and Sterrett 45 appear to show critical roughness data for isolated roughness at Mach 6, however their definition of "critical" roughness is more similar to the present definition of "effective" roughness. Reda 46 uses the wall viscosity instead of the local viscosity to compute Re k , and estimates a critical roughness Reynolds number of approximately 800-1000, for isolated roughness on a hemispherical geometry at a freestream Mach number of 12. Reda does not observe transition for the smooth-wall case in these experiments and his edge Mach numbers are significantly lower than in the present work. Casper et al. 47 observed the onset of transition for Re k of approximately 100-200, on a 7
• half-angle cone under quiet flow at Mach 6. Casper's numbers are generally similar to the present values.
C. Time Traces of Surface Pressure along the Wake Centerline Figure 7 shows time traces of the surface pressure signal from t = 1.000 s to t = 1.005 s for roughness heights of 2.79, 3.05, and 3.30 mm. The time traces are from the same data that appear in Figure 6 . The traces have been low-pass filtered to attenuate effects of high-frequency sensor resonance as described in Section II. The left vertical axis shows the fluctuating component of the pressure signal (p ′ ) nondimensionalized by the freestream pressure (p ∞ ). Each trace has been offset vertically to correspond to the distance downstream from the roughness x/D. The right vertical axis indicates the distance downstream from the roughness.
In Figure 7 (a), the pressure time traces are shown for the roughness height of 2.79 mm. Prior to x/D = 118.0, the boundary layer rms pressure remains at laminar levels. At x/D = 118.0 and x/D = 126.5, small oscillations can be seen in the pressure signal. These oscillations grow in amplitude downstream. At x/D = 135.0 and t = 1.0045 s, a potential wave packet can be seen with an amplitude significantly higher than the rest of the oscillations. The occurrence of these bursts and the increasingly random oscillations farther downstream are consistent with breakdown to turbulent flow. The rms pressure does indicate that transition may be occurring at the downstream end of the apparatus for this roughness height.
As the roughness height is increased to 3.05 mm (Figure 7(b) ), the location at which the oscillations are first visible in the pressure traces moves farther upstream because transition moves forward. Small oscillations can be seen at x/D = 63.3 and begin to occur in packet-like "bursts" at x/D = 76.1. The traces are random and chaotic by x/D = 118.0 and beyond. For k = 3.30 mm (Figure 7(c) ), the oscillations are first seen farther upstream at x/D = 46.3, indicating that transition is moving forward again as expected.
D. Repeatability of Transition for Small Roughness Heights
For certain roughness heights, repeated runs suggested that small variations in the experimental parameters could have an effect on the transition location, and thus the repeatability of these cases. Several repeated runs were performed for smaller roughness heights that cause incipient transition on the nozzle wall. The effect of the experimental parameters on the repeatability of these cases will be explained in this section. The effect of small changes in experimental conditions on transition is consistent with historical data showing that for critical roughness, the transition location moves quickly forward for small changes in conditions.
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For each run, the initial stagnation pressures were matched as closely as possible to replicate similar flow conditions. However, it is difficult to replicate the exact stagnation pressure for repeated runs. Variations in nozzle heating are also likely to have an effect on the repeatability of these small roughness heights, as described in Section III. For example, over the course of fifty similar runs during a single tunnel entry, the initial stagnation pressure varied from 94.8 psia to 95.9 psia with an average of 95.2 psia. Table 2 shows the mean, maximum, and minimum conditions for these runs. The table shows the initial stagnation pressure, the temperature of the thermocouple at the upstream end of the driver tube recorded immediately prior to the run (T driver ), and the average of all thermocouples on the exterior of the nozzle wall recorded immediately prior to the run (T nozzle ). The nominal driver tube air temperature should be 433 K. While the thermocouple measuring T driver only provides the temperature at the far upstream end of the driver tube, it may be an indication of variations in driver tube air temperature between runs. The absolute variation of these properties during all the runs was less than two percent, but nevertheless the variation could have been large enough to cause differences in the results for small, near-critical roughness heights.
Data from repeated runs similar to those in Figure 6 were gathered and the results appear in Figure 8 . Roughness heights of 2.79, 3.05, and 3.30 mm are plotted. The line color corresponds to repeated runs for a particular range of roughness heights, and each letter symbol corresponds to a particular run. Additional data for heights of 2.27, 2.54, and 2.67 mm were available, but were not plotted since the boundary layer 
V. Effect of Incremental Changes in Roughness Reynolds Number
Previous results in this paper have indicated that incipient instability and transition in the wake of the roughness element is highly sensitive to small changes in the roughness height for a constant Reynolds number. This section will explore the effect of incremental changes in the roughness Reynolds number Re k on the rms pressure and spectra downstream of the roughness. The manner in which the bam6qt operates was advantageous for this study. Because the tunnel Reynolds number decreases quasi-statically during a single run, the effect of small changes in freestream conditions can be examined by analyzing data from different times during the run. Previously in this section, most data have been analyzed for runs with an initial stagnation pressure p 0,i = 95 psia at t = 1.00-1.05 s into the run. This time was chosen because the transient tunnel startup process ends approximately 0.7 s the diaphragms are broken at t = 0.0 s.
Previous results have been shown for roughness heights of 2.79, 3.05, and 3.30 mm at t = 1.0 s. This section will show additional results for these heights at t = 1.50-1.55 s and t = 2.00-2.05 s. Results at times much greater than t = 2.05 s cannot be used due to increased levels of tunnel noise that occur near the end of the run. 48 The analysis of different times during each run results in data at a variety of values of Re k from approximately 300-550, and the effect of small changes in Re k within this region can be examined. Table 3 shows the precise conditions for the data shown in this section, from three different runs. As described earlier, the calculation of Re k is an estimate based on the feht 298 K temperature distribution of the nozzle, and for these conditions could decrease by as much as 7% for a 10 K increase in nozzle temperature. The conditions are listed with Re k in ascending order. Data analyzed at the end of each run will have a lower value of Re k because the roughness height is constant and the boundary layer is thicker. Since results from multiple heights are shown together here, it should be noted that changing the roughness height changes the roughness shape ratio k/D, since the diameter of the roughness is fixed. The effect of k/D on the instability mechanisms is unknown, but the change in k/D is small enough here that the effect is presumed to be small. A. Streamwise and Spanwise RMS Pressure Figure 9 (a) shows the rms pressure along the centerline of the wake of the roughness for the conditions listed in Table 3 . The value of Re k corresponding to the particular time during each run is shown in the legend. As Re k increases incrementally, transition moves forward, as expected. From Re k = 322 to 554, transition moves quickly across the measurement range. At Re k = 322, the rms pressure is near that for a laminar smooth-wall boundary layer. As Re k is increased only slightly to 339, the rms begins to increase at the downstream end of the experimental apparatus. For Re k = 355, the location where the rms departs from laminar levels moves farther upstream. The initial increase in rms is rapid with respect to distance. As Re k increases further, the rms follows a similar trend as transition moves forward. Again, the initial increase in rms appears to be large. At some distance farther downstream, the rms "overshoots" the smooth-wall turbulent value during the transition process, as is typical. 41 After the overshoot, the rms then decreases to a value near that for a smooth-wall turbulent boundary layer. The far-downstream rms values in Figure 9 (a), however, are slightly above the smooth-wall turbulent values. This could presumably be due to residual high-energy structures within the turbulent boundary layer downstream of the roughness.
An array of pressure sensors at x/D = 143.5 in the pipe insert was used to record the spanwise distribution of the rms at that location (Figure 9(b) ). The sensors were located at z/D = 0.0, 1.8, 3.5, 5.3, 7.1, and 10.6, where z/D is the spanwise coordinate from the roughness wake centerline. Additional sensors were present at z/D = −5.3 and z/D = −10.6, and the rms values from those sensors are plotted as solid symbols in the figure. The results indicated good symmetry of the wake. Spectra indicating the wake symmetry appear later, in Figures 15, 16 , and 17. When examining the spanwise rms, it is important to note that the state of the boundary layer is likely changing from laminar to turbulent as Re k is increased. For the lowest value of Re k (322), the spanwise rms is near laminar levels. At Re k = 339, the rms is highest along the wake centerline and decreases to laminar levels off the centerline. This indicates that even as far downstream as x/D = 143.5, the spanwise extent of the wake is relatively small. As Re k increases only slightly further to 355, the spanwise extent of the wake rapidly increases to approximately 10 diameters away from the wake centerline. At this condition, the maximum rms still occurs along the wake centerline. However, because the sensors are spaced relatively far apart, there is insufficient resolution to fully determine the maximum rms. As Re k is increased further, the maximum rms appears to occur off the centerline of the wake, and the location of the maximum moves farther from the wake centerline. For these cases, the rms is at or near laminar levels by z/D = 10.6. The maximum observed rms occurs at z/D = 5.3 for Re k = 554.
B. Streamwise Spectra
Figures 10, 11, and 12 show power spectra along the roughness wake centerline, corresponding to the rms data in Figure 9 and a different time during each run. Figure 10 shows the spectra for k = 2.79 mm, Figure 11 shows the spectra for k = 3.05 mm, and Figure 12 shows the spectra for k = 3.30 mm. As Re k increases, these plots show peaks developing in the spectra (presumably from instabilities within the wake). The increase in the spectral amplitudes occurs farther upstream as Re k increases, and the broadening of the peaks in the spectra indicates turbulent flow. Any of these peaks could be different modes of instabilities, but stability computations are needed to identify their role in the transition process. The spectra are again plotted in Figures 13 and 14 , but organized instead by sensor location. Each figure then shows the spectra at each sensor location for all Re k conditions. Figure 13 shows spectra for all values of Re k along the wake centerline at x/D = 46.3, 63.3, 76.1, and 93.1. Figure 14 shows spectra for all values of Re k along the wake centerline at x/D = 118.0, 135.0, 143.5, and 152.0.
At Re k = 322 (Figure 10(a) ), the majority of the spectra along the wake centerline are nearly identical to the smooth-wall laminar spectrum. It is not until x/D = 135.0 and x/D = 152.0 that a small peak appears in the spectrum, with a frequency near 10-25 kHz. Recall that for this value of Re k , the rms pressure at the downstream end of the apparatus was near laminar levels, so these peaks have small amplitudes. This peak grows in amplitude and occurs farther upstream for Re k of 339 and 355 (Figures 10(b) and 10(c)) . The peak appears to occur at the same frequency within the wake. For Re k = 355, the spectrum at x/D = 152.0 has amplitudes well above those of a smooth-wall turbulent spectrum, but the peak is still visible.
As Re k is increased further (Figure 11 ), transition continues to move farther upstream but a new higherfrequency peak appears at 45-55 kHz. This higher-frequency peak is first seen for Re k = 404 (Figure 11(a) ) at x/D = 93.1. For Re k = 426 and higher, the lower-frequency peak at 15-35 kHz begins to resemble a "double peak", a main peak with two narrow maxima. The streamwise location at which the higher-frequency peak first appears moves farther upstream for Re k = 426 and 447 (Figures 11(b) and 11(c) ). Unlike the lower-frequency peak, the higher-frequency peak seems to decrease in frequency with downstream distance.
The same trends are seen for Re k = 499 through 554 ( Figure 12) . However, the changes in the spectra are less drastic for these higher Reynolds numbers, compared to the changes in the spectra observed about the near-critical Reynolds number, Re k = 355. Again, this is likely due to the increased sensitivity of transition for conditions near those for critical roughness. Figures 15, 16, and 17 show the spanwise spectra for the data appearing in Figure 9 are shown to agree well, demonstrating the symmetry of the wake. When analyzing the results here, it is important to consider the possibility that the flow is turbulent for some conditions when comparing to computations of instabilities that assume laminar flow.
C. Spanwise Spectra
At the lowest value of Re k = 322 (Figure 15(a) ), the peak at 10-25 kHz that occurred on the centerline in Figure 10 (a) appears to be strongest along the centerline of the wake. It has the highest amplitude at z/D = 0.0 and the amplitude decreases with increasing spanwise distance. Two peaks at 13 and 36 kHz appear off the centerline of the wake and are not seen along the centerline. The peak at 36 kHz appears strongest at z/D = 5.3.
At a slightly higher Re k of 339 (Figure 15(b) ), the amplitudes of peaks in the spectra increase, though the amplitudes at z/D = 10.3 are not noticeably higher than for Re k = 322. The strongest peak is again on the wake centerline near 10-25 kHz. A large change in the spectra becomes evident at Re k = 355 (Figure 15(c) ). At this condition, the spectra along the centerline appear turbulent. Throughout the wake, there is a single large peak centered around a frequency of 25 kHz. The peak decreases in amplitude away from the wake centerline, but the peak frequency remains the same.
As Re k increases from 404-554 (Figures 16 and 17) , the trends in the spectra are similar. Spectra along the wake centerline indicate that the flow is becoming turbulent there with increasing Re k . In addition, the maximum amplitudes of the spectra occur farther off the wake centerline as Re k is increased. Away from the centerline, a single large peak is seen as the spectra decrease towards laminar levels. At these higher values of Re k , the wake still has significant fluctuations as far off the centerline as z/D = 10.6.
VI. Summary
Transition due to roughness on the surface of a reentry vehicle can cause high levels of skin friction and heating in flight. Currently, empirical correlations are used by designers to predict the onset of transition, however these correlations can contain large uncertainty. Future generations of prediction methods could be based upon the physical mechanisms responsible for roughness-induced transition, which are at present poorly understood. In order to develop physics-based prediction methods, a greater understanding of these instability mechanisms is required. In the present work, controlled experimental measurements of disturbances were made in the wake of an isolated cylindrical roughness element within the laminar nozzle-wall boundary layer of the Boeing/AFOSR Mach-6 Quiet Tunnel at Purdue University.
Disturbances that are likely due to instabilities leading to incipient transition from near-critical isolated roughness elements were reported in this paper. Pressure sensors were installed on the tunnel centerplane at x/D = 46.3, 63.3, 76.1, 93.1, 118.0, 126.5, 135.0, 143.5, and 152.0. Additional sensors were installed in a spanwise array at x/D = 143.5. Approximately 100 runs were performed with an initial stagnation pressure of 95 psia, using a variety of roughness heights. Data were first analyzed at a time of 1.0 s into the run so that data could be compared at a similar freestream Reynolds number.
The rms surface pressure, power spectra, and time traces were analyzed to determine instability and transition along the roughness wake centerline. At this particular tunnel condition, a roughness height near 2.79 mm (Re k = 355) was found to cause incipient transition at the far downstream end of the apparatus. Below this height, the boundary layer remained laminar. Above this height, transition moved forward towards the roughness as the height of the roughness was increased. A variety of peaks were detected in the spectra. These peaks are likely instabilities developing within the roughness wake that lead to transition. When repeated runs were examined, it was found that small changes in the experimental parameters may have a large effect on the transition process for the near-critical height of 2.79 mm. The transition location was observed to vary greatly during repeated runs at this height with nominally similar experimental conditions. The main uncertainty could be the varying nozzle temperatures between runs, which could alter the boundary-layer thickness relative to the roughness height. At roughness heights of 3.05 mm and 3.30 mm, the repeated runs showed more similar results. It is possible that these larger heights are less critical and transition is less sensitive to the slight variations in experimental conditions.
The overall transition process for these near-critical roughness heights appeared to occur in a similar manner for all cases. Initial growth appeared concentrated in a lower-frequency set of peaks that occurred within the 20-40 kHz frequency range for runs at p 0,i = 95 psia. These peaks grew in amplitude with downstream distance but did not appear to change frequency as they did so. A higher-frequency peak typically appeared at some location downstream of the initial growth of the lower-frequency peak. This higher-frequency peak typically occurred in the 40-70 kHz frequency range for runs at p 0,i = 95 psia. Figure 12 . Effect of small changes in Re k on the spectra along the wake centerline (k = 3.30 mm).
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The higher-frequency peak was possibly related to the boundary-layer thickness, as its frequency seemed to decrease slightly with downstream distance. As the flow began to transition, the peaks appeared to broaden and merge as the fluctuation amplitudes approached and overshot the smooth-wall turbulent values. Eventually, the fluctuation amplitudes decreased towards the smooth-wall turbulent values and the peaks broadened, suggesting turbulent flow. Spectra from the spanwise sensors off the wake centerline suggested that transition occurred first along the centerline. The region of disturbed flow then appeared to spread outward in the spanwise direction as Re k increased. The transition process appeared to move quickly across the experimental measurement range when Re k varied from 322-554, but across this range the spectra qualitatively indicated that the disturbances grew in a similar manner. It is not possible to describe the physics of transition for these near-critical roughnesses based solely on these experimental measurements. The experimental measurements were able to identify disturbance frequencies and amplitudes from the real fluid physics involved in the transition process, but only at certain locations. To fully understand the mechanisms of transition for these cases, separate stability computations are needed to compare to these results.
